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Differences in the cellular localization and agonist -mediated 
internalization properties of the alphal-adrenoceptor subtypes. 

AUTHOR: Chalothorn Dan; McCune Dan F; Edeimann Stephanie E; Garcia-Cazarin 

Mary L; Tsujimoto Gozoh; Piascik Michael T(a) 
AUTHOR ADDRESS: (a ) Department of Molecular and Biomedical Pharmacology, 

University of Kentucky College of Medicine, 800 Rose Street, Lexington, 

KY, 40536-0084**USA E-Mail: mtp@uky.edu 
JOURNAL: Molecular Pharmacology 61 (5) :pl008-1016 May, 2002 
MEDIUM: print 
ISSN: 0026-895X 
DOCUMENT TYPE: Article 
RECORD TYPE: Abstract 
LANGUAGE: English 

ABSTRACT: The cellular localization, agonist-mediated internalization, and 
desensitization properties of the alphal-adrenoceptor (alphal-AR) 
subtypes conjugated with green fluorescent protein ( alphal-AR/GFP) were 
assessed using real-time imaging of living, transiently transfected human 
embryonic kidney (HEK) 293 cells. The alphalB-AR/GFP fluorescence was 
detected predominantly on the cell surface. Stimulation of the 
alphalB-AR with phenylephrine led to an increase in extracellular 
signal-regulated kinase 1/2 (ERKl/2) phosphorylation and promoted 
rapid alphalB-AR/GFP internalization. Long-term exposure (15 h) to 
phenylephrine resulted in desensitization of the alphalB-AR-mediated 
activation of ERKl/2 phosphorylation . alphalA-AR/GFP fluorescence was 
detected not only on the cell surface but also intracellularly . The rate 
of internalization of the cell surface population alphalA-AR/GFPs was 
slower than that seen for the alphalB-AR. Agonist exposure also resulted 
in desensitization of the alpha lA-AR-media ted increase in ERKl/2 
phosphorylation . The alpha ID-AR/GFP fluorescence was detected mainly 
intracellularly, and this localization was unaffected by exposure to 
phenylephrine. Phenylephrine treatment of alphalD-AR/GFP expressing cells 
increased ERKl/2 phosphorylation - However, this increase was not 
significant. Cotransf ection with beta- arrestin 1 did not increase the 
rate or extent of agonist-stimulated alphalA- or alphalB-AR/GFP 
internalization. However, a dominant-negative form of the beta- arrestin 
1, beta- arrestin 1 (319-418), blocked agonist-mediated internalization 
of both the alphalA- and alphalB-ARs. These data show that transfected 
alphal-AR/GFP fusion proteins are functional, that there are differences 
in the cellular distribution and agonist-mediated internalization between 
the alphal-ARs, and that agonist-mediated alphal-AR internalization is 
dependent on arrestins and can be desensitized by long-term exposure to 
an agonist. These differences could contribute to the diversity in 
physiologic responses regulated by the alphal-ARs. 
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Conservation of the phosphate-sensitive elements in the arrestin family 
of proteins. 

AUTHOR: Celver Jeremy; Vishnivetskiy Sergey A; Chavkin Charles; Gurevich 
Vsevolod V(a) 

AUTHOR ADDRESS: (a) Department of Pharmacology, Vanderbilt University School 

of Medicine, Nashville, TN, 37232**USA E-Mail: 

Vsevolod. Gurevich@mcmail . vanderbilt . edu 
JOURNAL: Journal of Biological Chemistry 277 (11) :p9043-9048 March 15, 
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MEDIUM: print 
ISSN: 0021-9258 
DOCUMENT TYPE: Article 
RECORD TYPE: Abstract 
LANGUAGE: English 

ABSTRACT: Arrestins play a key role in the homologous desensitization of G 
protein-coupled receptors (GPCRs) . These cytosolic proteins selectively 
bind to the agonist-activated and GPCR kinase - phosphorylated forms 
of the GPCR , precluding its further interaction with the G protein. 
Certain mutations in visual arrestin yield "constitutively active" 
proteins that bind with high affinity to the light-activated form of 
rhodopsin without requiring phosphorylation . The crystal structure of 
visual arrestin shows that these activating mutations perturb two 
groups of intramolecular interactions that keep arrestin in its basal 
(inactive) state. Here we introduced homologous mutations into arrestin2 
and arrestinS and found that the resulting mutants bind to the 
beta2-adrenoreceptor in vitro in a phosphorylation -independent fashion. 
The same mutants effectively desensitize both the beta2-adrenergic and 
delta-opioid receptors in the absence of receptor phosphorylation in 
Xenopus oocytes. Moreover, the arrestin mutants also desensitize the 
truncated delta-opioid receptor from which the C terminus, containing 
critical phosphorylation sites , has been removed . Conservation of the 
phosphate-sensitive hot spots in non- visual arrestins suggests that the 
overall fold is similar to that of visual arrestin and that the 
mechanisms whereby receptor-attached phosphates drive arrestin 
transition into the active binding competent state are conserved 
throughout the arrestin family of proteins. 
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Cell -type specific effects of endocytosis inhibitors on 

5 -hydroxy tryptamine2A receptor desensitization and resensitization reveal 
an arrestin GRK2-, and GRK5 -independent mode of regulation in human 
embryonic kidney 293 cells. 

AUTHOR: Gray John A; Sheffler Douglas J; Bhatnagar Anushree; Woods Jason A; 

Hufeisen Sandra J; Benovic Jeffrey L; Roth Bryan L(a) 
AUTHOR ADDRESS: ( a ) Department of Biochemistry, Case Western Reserve 
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ABSTRACT: The effect of endocytosis inhibitors on 5-hydroxytryptamine2A 



(5-HT2A) receptor dese^Rtization and resensitization wa^examined in 
transiently transfected human embryonic kidney (HEK) 293 cells and in C6 
glioma cells that endogenously express 5-HT2A receptors. In HEK-293 
cells, 5-HT2A receptor desensitization was unaffected by cotransf ection 
with a dominant-negative mutant of dynamin (DynK44A) , a truncation mutant 
of arrestin -2 (Arr2 (319-418 )) , or by two well-characterized chemical 
inhibitors of endocytosis: concanavalin A (conA) and phenylarsine oxide 

(PAO) . In contrast, beta2-adrenergic receptor desensitization was 
significantly potentiated by each of these treatments in HEK-293 cells. 
In C6 glioma cells, however, DynK44A, Arr2 ( 319-418) , conA, and PAO each 
resulted in the potentiation of 5-HT2A and beta-adrenergic receptor 
desensitization. The cell-type-specific effect of Arr2 ( 319-418 ) on 5-HT2A 
receptor desensitization was not related to the level of GRK2 or GRK5 
expression. Interestingly, although beta2-adrenergic receptor 
resensitization was potently blocked by cotrans f ection with DynK44A, 
5-HT2A receptor resensitization was enhanced, suggesting the existence of 
a novel cell-surface mechanism for 5-HT2A receptor resensitization in 
HEK-293 cells. In addition, Arr2 (319-418 ) had no effect on 5-HT2A 
receptor resensitization in HEK-293 cells, although it attenuated the 
resensitization of the beta2-adrenergic receptor. However, in C6 glioma 
cells, both DynK44A and Arr2 ( 319-4 18 ) significantly reduced 5-HT2A 
receptor resensitization. Taken together, these results provide the first 
convincing evidence of cell-type-specific roles for endocytosis 
inhibitors in regulating GPCR activity. Additionally, these results 
imply that novel GRK and arrestin -independent mechanisms of 5-HT2A 
receptor desensitization and resensitization exist in HEK-293 cells. 
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Enhanced morphine analgesia in mice lacking beta- arrestin 2. 
AUTHOR: Bohn Laura M; Lefkowitz Robert J; Gainetdinov Raul R; Peppel 
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ISSN: 0036-8075 

DOCUMENT TYPE: Article 

RECORD TYPE: Abstract 

LANGUAGE: English 

SUMMARY LANGUAGE: English 

ABSTRACT: The ability of morphine to alleviate pain is mediated through a 
heterotrimeric guanine nucleotide binding protein (G protein) -coupled 
heptahelical receptor ( GPCR ) , the mu opioid receptor (muOR) . The 
efficiency of GPCR signaling is tightly regulated and ultimately 
limited by the coordinated phosphorylation of the receptors by specific 

GPCR kinases and the subsequent interaction of the phosphorylated 
receptors with beta- arrestin 1 and beta- arrestin 2 . Functional 
deletion of the beta- arrestin 2 gene in mice resulted in remarkable 
potentiation and prolongation of the analgesic effect of morphine, 
suggesting that muOR desensitization was impaired. These results provide 
evidence in vivo for the physiological importance of beta- arrestin 2 in 
regulating the function of a specific GPCR , the muOR. Moreover, they 
suggest that inhibition of beta- arrestin 2 function might lead to 
enhanced analgesic effectiveness of morphine and provide potential new 
avenues for the study and treatment of pain, narcotic tolerance, and 
dependence . 
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Properties of secretin receptor internalization differ from those of the 
beta2 -adrenergic receptor . 

AUTHOR: Walker Julia K L; Fremont Richard T; Barak Larry S; Caron Marc G(a) 

; Shetzline Michael A 
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ABSTRACT: The endocytic pathway of the secretin receptor, a class II GPCR 
, is unknown. Some class I G protein-coupled receptors (GPCRs), such as 
the beta2-adrenergic receptor (beta2-AR) , internalize in clathrin-coated 
vesicles and this process is mediated by G protein-coupled receptor 
kinases (GRKs), beta- arrestin , and dynamin. However, other class I 
GPCRs, for example, the angiotensin II type lA receptor (ATIAR) , exhibit 
different internalization properties than the beta2-AR. The secretin 
receptor, a class II GPCR , is a GRK substrate, suggesting that like the 
beta2-AR, it may internalize via a beta- arrestin and dynamin directed 
process. In this paper we characterize the internalization of a wild-type 
and carboxyl-terminal (COOH-terminal) truncated secretin receptor using 
flow cytometry and fluorescence imaging, and compare the properties of 
secretin receptor internalization to that of the beta2-AR. In HEK 293 
cells, sequestration of both the wild-type and COOH-terminal truncated 
secretin receptors was unaffected by GRK phosphorylation t whereas 
inhibition of cAMP-dependent protein kinase mediated phosphorylation 
markedly decreased sequestration. Addition of secretin to cells resulted 
in a rapid translocation of beta- arrestin to plasma membrane localized 
receptors; however, secretin receptor internalization was not reduced by 
expression of dominant negative beta- arrestin . Thus, like the ATIAR, 
secretin receptor internalization is not inhibited by reagents that 
interfere with clathrin-coated vesicle-mediated internalization and in 
accordance with these results, we show that secretin and ATIA receptors 
colocalize in endocytic vesicles. This study demonstrates that the 
ability of secretin receptor to undergo GRK phosphorylation and beta- 
arrestin binding is not sufficient to facilitate or mediate its 
internalization. These results suggest that other receptors may undergo 
endocytosis by mechanisms used by the secretin and ATIA receptors and 
that kinases other than GRKs may play a greater role in GPCR 
endocytosis than previously appreciated. 
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A beta- arrestin /green fluorescent protein biosensor for detecting G 
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ABSTRACT: G protein-coupled receptors ( GPCR ) represent the single most 
important drug targets for medical therapy, and information from genome 
sequencing and genomic data bases has substantially accelerated their 
discovery. The lack of a systematic approach either to identify the 
function of a new GPCR or to associate it with a cognate ligand has 
added to the growing number of orphan receptors. In this work we provide 
a novel approach to this problem using a beta-arrestin2/green fluorescent 
protein conjugate (betaarr2-GFP) . It provides a real-time and single cell 
based assay to monitor GPCR activation and GPCR -G protein-coupled 
receptor kinase or GPCR - arrestin interactions. Confocal microscopy 
demonstrates the translocation of betaarr2-GFP to more than 15 different 
ligand-activated GPCRs . These data clearly support the common hypothesis 
that the beta- arrestin binding of an activated receptor is a convergent 
step of - GPCR signaling, increase by 5-fold the number of GPCRs known to 
interact with beta-arrestins , demonstrate that the cytosol is the 
predominant reservoir of biologically active beta-arrestins , and provide 
the first direct demonstration of the critical importance of G 
protein- coupled receptor kinase phosphorylation to the biological 
regulation of beta- arrestin activity and GPCR signal transduction in 
living cells. The use of betaarr2-GFP as a biosensor to recognize the 
activation of pharmacologically distinct GPCRs should accelerate the 
identification of orphan receptors and permit the optical study of their 
signal transduction biology intractable to ordinary biochemical methods. 
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Abstract: Members of arrestin /beta- arrestin protein family are thought 
to participate in agonist-mediated desensitization of G-protein-coupled 
receptors, including rhodopsin and beta (2 ) -adrenergic receptor. Unlike 
in human and cow, splice variants of this protein family in rat have 
not been studied extensively, and there has been no report on their 
existence at protein level. Hence, a previous report by others on the 
localization of both beta- arrestin -1 and -2 in a wide range of 
innervated rat tissues could imply their broad receptor specificity. In 
this report we show the presence of two alternatively spliced forms of 
beta- arrestin -1 in several rat tissues using both reverse 
transcription-polymerase chain reaction and Western immunoblot. 
Splicing. of beta- arrestin -1 pre-mRNA appears to be subject to 
differential regulation between the rat CNS and peripheral tissues. In 
contrast, ^we detected no splice variants of beta- arrestin -2 in rat. 
A comparison of the genomic DNA sequences of bovine and rat beta- 
arrestin -2, where the splicing of bovine beta- arrestin -2 mRNA has 
been reported, revealed a high degree of homology in their organization 
of exons and introns as well as certain differences that might be 
responsible for the different p rocessing of beta— arrestin ~2 mRNA in 
the two species. Our two-dimensional isoelectric focusing gels using 
rat spinal cord and heart tissues demonstrate isoelectric heterogeneity 
of rat beta- arrestin -1, suggesting that beta- arrestin -1 is subject 



to post-translationa^^odification unlike beta- arres^^ -2 . 
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Effects of phosphorylation of rhodopsin's active state equilbrivim and its 
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Deactivation of many G protein coupled receptors (GPCRs) is known to 
require phosphorylation of the activated receptor. Phosphorylation 
reduces the rate of G protein activation and allows the binding of the 
inhibitory protein arrestin . Receptor phosphorylation stoichiometries 
as high as nine have been detected in vitro; however, it is not known how 
many phosphorylation sites can modulate GPCR activity and are 
physiologically relevant. In this study, we take advantage of the unique 
spectroscopic properties of the GPCR rhodopsin to measure the effect of 
phosphorylation on the receptor and its interactions with G protein and 
arrestin . 

Upon light-activation, rhodopsin forms an intramolecular equilibrium 
between two conformers, metarhodopsin I and II (MI and MIX) . We find 
surprisingly that increasing rhodopsin phosphorylation stoichiometry 
augments rather than diminishes the formation of MIX, the conformation that 
activates G protein. We show that phosphorylation increases the apparent 
pK for Mil formation. Decreasing ionic strength enhances this effect. 
Gouy-Chapman theory shows that the change in pK is quantitatively explained 
by the membrane surface potential, which becomes more negative with 
increasing phosphorylation stoichiometry and decreasing ionic strength. 
This lowers the membrane surface pH compared to the bulk pH, increasing the 
MI–MII equilibrium constant toward Mil and the rate of MI formation 

(k<sub>l</sub>) , while decreasing the back rate constant 

(k<sub>&minus ; l</sub>) of the MI–MII relaxation. 

Increasing rhodopsin phosphorylation stoichiometries also increased 
arrestin affinity while weakening G protein affinity. Arrestin binding 
was favored over G protein binding at phosphorylation stoichiometries 
greater than two. The effect of phosphorylation on the binding affinity 
of G protein and arrestin was attenuated at high ionic strength. This 
ionic strength effect suggests that phosphorylation electrostatically 
modulates arrestin and G protein binding. 
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ABSTRACT: Eleven distinct isoforms of phosphoinositide-specif ic 
phospholipase C (PLC) , which are grouped into four subfamilies (b, c, d, 
and e) , have been identified in mammals. These isozymes catalyze the 
hydrolysis of phosphatidylinositol 4 , 5-bisphosphate { Ptdlns ( 4 , 5 ) P2 } to 
inositol 1, 4 , 5-trisphosphate and diacylglycerol in response to the 



activation of more than different cell surface receptoW. All PLC 

isoforms contain X and Y domains, which form the catalytic core, as well as 
various combinations of regulatory domains that are common to many other 
signaling proteins. These regulatory domains serve to target PLC isozymes 
to the vicinity of their substrate or activators through protein-protein or 
protein-lipid interactions. These domains (with their binding partners in 
parentheses or brackets) include the pleckstrin homology (PH) domain 
{PtdIns(3)P, be subunits of G proteins} and the COOH-terminal region 
including the C2 domain (GTP-bound a subunit of Gq) of PLC-b; the PH domain 
{ Ptdlns (3, 4 , 5) P3 ) and Src homology 2 domain {tyrosine- phosphorylated 
proteins, Ptdlns (3, 4, 5) P3 } of PLC-c; the PH domain { Ptdlns (4 , 5) P2 } and C2 
domain (Ca2+) of PLC-d: and the Ras binding domain (GTP-bound Ras) of 
PLC-e. The presence of distinct regulatory domains in PLC isoforms renders 
them susceptible to different modes of activation. Given that the partners 
that interact with these regulatory domains of PLC isozymes are generated 
or eliminated in specific regions of the cell in response to changes in 
receptor status, the activation and deactivation of each PLC isoform are 
likely highly regulated processes. Reprinted by permission of the 
publisher. 
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Intrarenal dopamine: a key signal in the interactive regulation of sodium 
metabolism. 
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LANGUAGE: English 
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ABSTRACT: The kidney regulates sodium metabolism with extraordinary 
precision and sensitivity. This is accomplished by an intricate interaction 
between signals from extrarenal and intrarenal sources and between 
anti-natriuretic and natriuretic factors. Dopamine, produced in renal 
proximal tubule cells, plays a central role in this interactive network. 
Natriuretic hormones that are released from extrarenal sources, such as 
atrial natriuretic peptide, mediate some of their effects via renal 
dopamine receptors. On the level of the tubules, dopamine acts by opposing 
the effects of anti-natriuretic factors, such as angiotensin II and 
a-adrenergic receptors. Sodium retention leads to an increase in renal 
dopamine tonus, and the natriuretic effects of dopamine are more prominent 
under this condition. Inhibition or down-regulation of dopamine receptors 
significantly attenuates the natriuretic response to salt loading. Renal 
dopamine is modulated by the supply of filtered L-DOPA and the metabolism 
of dopamine via catechol-O-methyldopamine . The importance of dopamine as a 
natriuretic hormone is reflected by its capacity to inhibit the majority of 
renal tubule sodium transporters. Notably, the activity of Na+, K+ATPase is 
inhibited in most tubule segments by dopamine. Recent studies have 
elucidated many of the signaling pathways for renal dopamine receptors. 
Novel principles for homologous and heterologous sensitization of dopamine 
receptors have been detected that may explain some of the interaction 
between dopamine and other first messengers that modulate renal tubule 
sodium transport. A broad understanding of the renal dopamine system has 
become increasingly important, since there is now strong evidence from both 
clinical and experimental studies that dysregulation of the renal dopamine 
system plays a role in many forms of multigenetic hypertension. With 
permission, from the Annual Review of Physiology Volume 62, 2000, by Annual 
Reviews Inc. (http://www.annurev.org). 
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Clathrin-coated vesicle formation and protein sorting: an integrated 
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ABSTRACT: . Clathrin-coated vesicles were the first discovered and remain 
the most extensively characterized transport vesicles. They mediate 
endocytosis of transmembrane receptors and transport of newly synthesized 
lysosomal hydrolases from the trans-Golgi network to the lysosome. 
Cell-free assays for coat assembly, membrane binding, and coated vesicle 
budding have provided detailed functional and structural information about 
how the major coat constituents, clathrin and the adaptor protein 
complexes, interact with each other, with membranes, and with the sorting 
signals found on cargo molecules. Coat constituents not only serve to shape 
the budding vesicle, but also play a direct role in the packaging of cargo, 
suggesting that protein sorting and vesicle budding are functionally 
integrated. The functional interplay between the coated vesicle machinery 
and its cargo could ensure sorting fidelity and packaging efficiency and 
might enable modulation of vesicular trafficking in response to demand. 
With permission, from the Annual Review of Biochemistry Volume 66, 1997, by 
Annual Reviews Inc. (http://www.annurev.org ). 
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Abstract: The Ras-dependent activation of mitogen-activated protein 
(MAP) kinase pathways by many receptors coupled to heterotrimeric guanine 
nucleotide binding proteins (G proteins) requires the activation of Src 
family tyrosine kinases. Stimulation of (beta) .inf (2) adrenergic 
receptors resulted in the assembly of a protein complex containing 
activated c-Src and the receptor. Src recruitment was mediated by (beta) - 
arrestin / which functions as an adapter protein, binding both c-Src and 
the agonist-occupied receptor. (beta) - Arrestin 1 mutants, impaired 
either in c-Src binding or in the ability to target receptors to 
clathrin-coated pits, acted as dominant negative inhibitors of (beta) 
.inf (2) adrenergic receptor-mediated activation of the MAP kinases Erkl and 
Erk2. These data suggest that (beta) - arrestin binding, which terminates 
receptor-G protein coupling, also initiates a second wave of signal 
transduction in which the "desensitized" receptor functions as a critical 
structural component of a mitogenic signaling complex 



